(12) INTERNATIONAL APPUCATION PUBUSHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) Worid Intellectual Property Organization 
International Buiean 




inoDiiiiiiiiiiiiiiiiniii 



(43) International Publication Date (10) International Publication Number 

31January 2002 (31.01.2002) pCT WO 02/07870 A2 



(51) International Patent Classification'': BOIJ 

(21) InternatioDai Application Number: PCTAJSO 1/22128 

(22) International FiUng Date: 13 July 2001 (13.07^1) 

(25) Filing Language: English 

(2Q Publication Language: English 

(30) Priority Data: 

09/625^16 24 July 2000 (24.07.2000) US 

(71) Applicant: CHEVRON U&A. INC [US/US]; 2613 
Camino Ramon, 3id Floor, San Ramon, CA 94583-4289 
(US). 

= (72) Inventors: O'REAR, Dennis, J.; 40 Upland Drive, 
^= Petalnma, CA 94952 (US). KIBBY, Charles, L.; 846 
= Clifton CL, Benicia, CA 94510 (US). SCHEUERMAN, 
Georgieanna, L.; 1 155 Sanders Drive, Moraga, CA 94556 
= (US). ^ 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ. CA. CH, CN, CO, CR, CU. 
CZ, DB, DK, DM, DZ, EC EB, ES, FI, GB, GD. GB, GH, 
GM, HR,HU, ID.miN, IS. JP. KB, KG. KP. KR, KZ. LC. 
LK, LR, LS, LT. LU. LV. MA, MD, MG, MK, MM, MW, 
MX, MZ. NO, NZ, PL, PT, RO, RU, SD. SB, SG, SI, SK, 
SL, TJ, TM, TR, TT, TZ. UA, UG, UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): ARIFO patent (GH, GM, 
KB, LS, MW, MZ, SD, SL, SZ, TZ, UG. ZW), Bnxasian 
potem (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), European 
patent (AT. BE, CH, CY, DE, DK, ES. FI, FR, GB, GR, m, 

rr, LU, MC NL, PT, SE. TR), OAPI patent (BF. BJ, CF, 
CG, CI, CM, G A, GN, GW, ML, MR, NE, SN, TD, TG). 

Published: 

— without international search report and to be republished 
upon receipt of that report 

For two-letter codes and other abbreviations, refer to the ''Guid- 
ance Notes on Codes and Abbreviations'* c^jpearing at the begin- 
ning of each regular issue of the PCT Gazette, 



(74) Agent: AMBROSIUS, James, W.; Chevron Coipoiation, 
Law Department, Post OfBce Box 6006, San Ramon, CA 
94583-0806 (US). 



^ (54) Title: USB OF COMBINATORIAL CHEMISTRY TO OPTIMIZB MULTI-STEP SYNTHESIS 

(57) Abstract: Methods for discovering optimum catalysts and/or reaction conditions for perfbiming multi-step reactions, in par- 

ticular multi-step catalytic reactions, are disclosed. A combinatorial approach is used to identify optimum catalysts and/or reaction 
25 conditions for performing the reactions. The reactions are performed in the voids of a suitable reactor capable of handling conditions 

of elevated temperature and pressure, and also that can handle a plurality of simultaneous or substantially simultaneous reactions. 
*^ The methods can advantageously be used to generate a database of combinations of catalyst systems and/or reaction conditions that 
2 provide various product streams, such that as maiket conditions vary and/or product requirements change, conditions suitable for 

fomiing desired products can be identified with littie or no downtime. The catalysts can be evaluate using varied reaction conditions, 
^ which can provide a) a combinatorial liteaiy of product streams and a database including the combination of catalysts and reaction 
^ conditions to provide each product stream and/or b) the optimun combination of catalysts and reaction conditions for obtaining a 
}^ desired product stream. 
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Use of Combinatorial Chraiistry to Optuniee Multi-Step Synfliesis 

Field of the Invention 

This invention is generally in the area of combinatorial dbiemistxy, in particular the 
use of combinatorial chemistry to optimize multi-stq> synthesis. 

Background of the Invention 

Combinatorial chmiistry is in widespread use in the pharm aceutical i adustry, where 
it is used to synthesize, purify and evaluate new drugs at a tremendously &st pace. The 
reactions are typically p^ormed at a relatively small scale, since only a small amount of 
each drug is required for testing. Typically, only those drugs that are active in relevant 
bioass^ are produced in larger quantities. The type of chemistry used to generate 
commercial quantities of the drugs is rarely the same as tbat used in small scale synthesis. 
Ihe syntheses typically involve taking a core molecule with one or two sites for covalent 
attachment of various moieties, and attaching a plurality of different moieties to these sites, 
often in a single step. The cheniistiy is typicaUy not optimized because the goal is to find an 
optimum coropound rather than an optimum method for making the compound. 

Co mbinato rial chonistry is also being used in petroleum chemistryi Unlike 
pharmaceutical chemistry, a major goal in petroleum chemistry is to optimize tiie reaction 
conditiorus and catalysts used for particular reactions rather than to sjniithesize, purify and 
evaluate a plurality of products. Many petroleum products are prepared in multi-step 
sfynQieses. There is a need to develop combinatorial methods that are directed to multi-st^ 
syntheses. The present invention provides such methods. 

Summary of the Invention 
The present invention is directed to devices and methods for optimizing multi-step 
syntheses using combinatorial chemistry. Many of the multi-step reactions require the use 
of elevated temperatures and/or pressures, and the devices typically must be able to handle 
these conditions and also be useful for conducting a plurality of simultaneous or 
substantially simultaneous reactions. The plurality ofreactions can use individual catalysts 
or combinations thereof such that all or part of a combinatorial library of catalysts can be 
evaluated. 
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In one embodiment, the multi-step syntheses are those in which a single catalyst or 
combination of catalysts performs two or more substantially simultaneous steps in a single 
reaction vessel. Exanq)les of such syntheses include Fischer-Tropsch synthesis where the 
product is isomerized irhsitUy and isosynthesis (defined herem as the conversion of syng^ to 
S methanol and tiie subsequent conversion of methanol to higher molecular weight iroducts). 
Another example is the molecular rearrangement of paraffins, i?^ere a 
dehydrogenation/hydrogenation catalyst converts the parafGns to olefins, a metathesis 
catalyst metathesizes the olefins, and the ddiydrogenation/hydrogenation catalyst then 
hydrogenates the metathesized olefins. Yet another example involves the in-siiu 

10 dehydrogenation of para£5ns to form olefins, and the subsequent alkylafion of aromatics 
with the olefins. Additional examples include catalytic reforming, paraffin isomerization, 
hydrocracldng, hydroisomerization of lube oils, and the like. 

In this embodiment, the reactor includes a plurality of voids, and at least a 
substantial number of the voids include a combination of catalysts, Where the catalysts are 

1 5 selected firom libraries of catalysts capable of catalyzing the individual steps of the multi- 
stqp synthesis. Using the device, a plxiraUtyofcatalyst combinations can be evaluated 
sunuhaneously. 

In another embodimeol, the multi-step syntheses are those in vMcb a single step is 
carried out in one reaction vessel and a second step is carried out in a separate reaction 

20 vessel, optionally with a purification step between the reaction steps. One such syntiiesis 
involves the hydrocracldng of wax to form low molecular weight olefins, and the 
subsequent oligomerization of those olefins. Another example involves the oligomerization 
of olefins and subsequent isomerization of the olefins to form a desired product stream. A 
multi-step reaction can be performed in a single reactor, and the product stream subjected to 

25 one or more additional steps in a second reactor. 

In either embodiment, the catalyst libraries can be prq}ared by taking a single 
catalyst and subjecting it to a number of systematic additions or modifications to the catalyst 
to form a second library. For exanq>le, a zeolite could be modified by impregnatmg or 
exchanging difGaii^ metals or levels of metals to form a second library. The zeolite 

30 fimction and the metal fimction can each be used to satisfy difiTerent catalyst requirmients 
for different steps in the multi-st^ ^thesis, and a single library with catalysts exhibiting 
both activities can be generated. 
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Although the methods aie generally applicable to multi-step synfliesis, fliey aie 
particularly q^plicable to petroleum chemistry. Virtually all petroleum products are 
prepared via multi-step syntibiesis, and flie combinatorial methods described herein permit 
optimization of virtually all of fliese syntheses by selecting impropriate catalysts, reactants 
5 and reaction conditions. The products can include olefins such as ethylene, normal and iso- 
parafBns, aromatics and combinations thereof and preferably include iso-paraffins in the 
distillate &el and/or lube base stock ranges, and more pre^ably, iso-parafGns in the jet or 
diesel range. The methods use a combiriatorid approach to identify optimum reaction 
conditions and catalysts or catalyst combinations for performing the desired multi-step 

10 syntheses. The methods LQVolve obtaining an appropriate device that includes a plurality of 
voids for conducting the reactions, vMch device is capable of handling elevated 
tmiperatures and pressures, placing an effective amount of a catalyst (or a catalyst 
combination) from one or more catalyst libraries in a void, repeating this step as necessary 
vnUi dif^ent voids and different catalysts, and performing the desired reactions. 

1 5 Prefoably , the preparation of the cstaiyst libraries and/or the transfer of the catalysts 
to the reaction vessels is automated The product streams are inferably analyzed, for 
sample by GC, HPLC and/or GCVMS. Preferably, the analytical techniques are set up to 
handle aplurality of simultaneous analyses or otherwise optimized to handle the plurality of 
sairq)les. . . 

^ 20 The reaction conditions, catalysts and analytical information regarding the product 

streams are pref^ably stored in a database. 

The m^ods can advantageously be used to generate a database of catalysts and, 
optionaUy, reaction conditions, which provide various product streains. As market 
conditions vary and/or product requirements change, conditions suitable for forming desired 

25 products can be identified with litde or no downtime using the methods described herein. 

Detailed Description of die Invention 
The present invention is directed to devices and mettiods for optimizing multi-step 
syntheses using combinatorial chraiistiy. In one embodiment, the multi-step syntheses are 
3 0 those in which a smgle catalyst or combination of catalysts performs two or more 

substantially simultaneous steps in a single reaction vessel, hi anotfa^ ^nbodiment, the 
muM-step syndieses are those in which a single step is carried out in one reaction vessel. 



wo 02/07870 



PCT/USOl/22128 



and a second step is carried out in a separate reaction vessel, optionally with a purification 
step between the reaction steps. A multi-step reaction can be carried out in a single reaction 
vessel, and the product stream sent to a second reaction vessel for one or more additional 
process steps. 

S Virtually all petroleum chemistry mvolves multi-step synthesis, and tiie 

combinatorial methods described herein permit optimization of virtually all of tiiese 
syndeses using ^propriate catalysts, reactants and reaction conditions. The methods use a 
combinatorial approach to identify optimum reaction conditions and catalysts or catalyst 
combinations for p^orming the desired multi-step syntheses. The methods involve 

1 0 obtaining an appropriate device tiiat includes a plurality of voids for conducting the 

reactions, which device is capable of handling elevated temperatures and pressures, placing 
an effective amount of a catalyst (or a catalyst combination) from one or more catalyst 
libraries in a void, repeating this step as necessary with dififerent voidi? and different 
catalysts, and performing the desured reactions. The product streams are preferably 

IS analyzed, for example by GC,HPLC and/or GC/MS. The reaction conditions, catalysts, and 
analytical information regarding the product streams are preferably stored in a database. 

The metiu>ds can advantageously be used to generate a database of cs^ 
optionally, reaction co ndition& ^^hich provide -various,prod]uu:t^ s^^ As market 
conditions vary and/or product requirements change, conditions suitable for forming desired 

20 products can be identified witih Uttieo mqfcQ^ _described herein. 

Tvpes of Reactions 

The devices and methods can be used to evaluate and optimize virtually any type of 
multi-step reactioiL Preferred reactions are catalytic reactions. These types of reactions are 

25 well known to those of skill in the art In one embodiment, the multi-step syntheses are 
those in which a single catalyst or combination of catalysts performs two or more 
substantially simultaneous steps in a single reaction vessel. 

E}carq>les of such syntheses include gas-to-liquid reactions, for example Fischer- 
Tropsch syntiiesis where an olefinic product is isomerized insiiu, and isosyntfaesis (defined 

30 herein as the conversion of syngas to methanol and the subsequent conversion of methanol 
to higher molecular wd^t products). Anotiier exan^le is the molecular rearrangement of 
parafBns, where a dehydrogenation/hydrogenation catalyst converts the paiafiSns to olefins, 

4 
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a metathesis catalyst metafliesizes the olefins, and the dehydrogenation/hydiogenation then 
hydrogenates the metatliesized olefins. Yet another example mvolves the in^tu 
dehydrogenation of paiafBns to jfoim olefins, and the subsequent alkylation of aromatics 
with the olefins. Additional examples include catalytic lefbnning, paiafBn isomeiization^ 
S hydrocracldng, faydroisomerization of lube oils, and the like. 

In another embodiment, the multi-step syntheses are tib^ose in vMch a single step is 
carried out in one reaction vessel, and a second step is carried out in a separate reaction 
vessel, optionally witihi a purification step between the reaction steps. One such synthesis 
involves the hydrocracking of wax to form low molecular weight olefins, and the 

10 subsequent oligomerization of those olefins. Another synthesis involves the oligomerization 
of olefins and subsequent isomerizalion of the olefins to form a desired product stream. 
Other types of reactions tihat can be one of die steps in a multi-stq) synthesis include 
hydroformylations, ether synthesis, hydrocracking, isodewaxing, isomerizations, 
dehydrogeuations, alkylations, dehydrocyclization, catalytic reforming including 

1 5 ifaenifomajng and platfomiing, olefin metathesis, dimerization, oligomerization, and 
polymerization. 

In addition to the petroleum chemistry described above, the methods can be apptisd 
to other synthetic chemistry as well. Such diemistry can be performed using solid phase or 
solution phase chemistiy. 

20 Examples of reactions that can be done in either solid or solution phase include, for 

example, cond^isation reactions for preparing amides, esters, ureas, imines, and 
phosphorous compounds. Various carbon-caibon bond forming reactions can be performed 
using solid and solution phase chemistry. Examples include Suzuki reactions, organozinc 
reactions, Stille coiq)ling reactions. Heck reactions, enolate alkylations, Wittig reactions, 

25 Homer-Wadsworth-&nmons reactions, metathesis reactions such as ruflienium-catalyzed 
» metafliesisofpolymer-bound olefins, MitsuiK>bu reactions, nucleophilic displacement of 
support-bound a-bromoamides in the submonomer preparation of peptoids, thiol alkylation, 
anilide alkylation with primary alkyl halides, one pot cyclization and anilide alkylation in 
^e solid-phase synthesis of l,4-benzodiazepine-2,S-diones, successive amide aUgrlations 

30 (gmeratmg new combinatoriial peptide libraries 6om existmg combmatorial peptide 

libraries), brazophenone imine a-carbon allsylation, alkylation or sulfonylation of a support- 
bound phraol, enolate monoaHcylation, alkylation of si^port-bound 1,3-diketones in the 
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solid-phase synthesis of pyrazoles and isoxazoles, tosyl displacement with primaiy or 
secondary amines^ Gignaid reactions, SNAr reactions, Nfidiael additions, iodoetherification 
reactions, oxidations, reductions, such as reductive alk^ation, Pictet-Spengler reactions, and 
the like. 

The types of reactions used will be expected to vary according to the types of 
catalysts in the Ubimies as weU as the types of substitutions that wfl^ Thoseof 
skill in the art can readily determine appropriate sets of reactions and reaction conditions. 

Reactants 

When the methods are used to optimize petroleum chemistry, the reactants are 
typically paraffins, olefins, oxygenates and aromatics. Suitable reactants may be low 
molecular weight gases, liquids at room temperature, or solids or viscous liquids at room 
tenq)erature. Examples ofreactants that are gases at room temperature include hydrogen 
gas, carbon monoxide, carbon dioxide, oxyg^ and syngas (a mixture of carbon monoxide 
and hydrog^ gas). Examples of reactants that are gases or liqmds at room temperature 
include low molecular weight olefins and/or parafGns (typically including less than 6 carbon 
atoms), low molecular weight oxygenates such as metiianol, ethanol, and dimethyl ether. 
Examples of reactants that are solids or viscous liquids at room temperature include high 
molecular weight oils and waxes. 

^Vhm the methods are used to optinxize pharmaceutical cheniistry and o^ 
chemistry, other reactants are typically used, optionally without usmg catalysts. Those of 
skill in the art can readily identify appropriate reactants for performing a desired synthesis. 

The reactants can be reacted in any suitable ratio and amount, given the size of the 
voids in the reaction vessels and the desired conversions. The reactants preferably come 
fix)m a common source, to ensure consistency between reactions. A splitter can be used, for 
example to direct the reactants to the plurality of voids. 

Products 

When the methods are used to optimize petroleum chemistry, the products are 
typically hydrocarbons usefiil as nq)htha, distil late fiiels, hibe o ils, waxes, or as components 
in such products. The products gmerally are olefiris such as ethylene, normal and iso- 
para£5ns, aromatics and combinations thereof and preferably include iso-parafiGns in the 
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distillate fuel and/or lube base stock ranges, and, more preferably, iso-paiafBns in the jet or 
diesel range. When the methods are used to optimize other chemistry, the products can be 
virtually any type of oig^nic chemical. 

Catalysts 

Suitable catalysts for performing various reactions, particularly in the field of 
petroleum chemistry, are weU known to those of sMll in flie art Catalyst libraries including 
such catalysts, and combinations thereo:^ can be readily prepared Libraries include a 
plurality of catalysts, preferably at least 10 catalysts, more preferably at least SO catalysts 
and most preferably at least 100 catalysts. Large numbers of catalysts can be evaluated, for 
example by using a plurality of voids in single reactor and/or by performing parallel runs 
with a plurality of reactors. 

The amount of the cataly5t(s) used in the reaction depends on the size of the void and 
the size of the reaction. Those of skiU in the art can readily deternodne an appropriate 
amount ofcatalyst for a particular reactioiL hi many multi-step syntheses, the catalysts are 
zeolites, other molecular sieves such as boro^cates, ELAPOs such as SAPOs, 
Fischer-Tropsch catalysts, or noble metals. 

Fischer-Tropsch Catalvsts 

Fischer-Tropsdi catalysts contain a Group Vm transition metal on ametal oxide 
siq)port The catalysts rnay also contain a noble metal promoter(s) and/or (^ystalline 
molecular sieves. Certain catalysts are known to provide chain growth probabiUties that ar^^ 
relatively low to moderate, and the product of tiie reaction includes a relatively high 
proportion of low molecular (C2-8) weight olefins and a relatively low proportion of high 
molecular weight (C30+) waxes. Certain other catalysts are known to provide relatively high 
chain growth probabilities. Such catalysts are weU known to those of skill in the art and can 
be readily obtained and/or prepared. 

Zeolites 

Catalysts usefiil in catalytic multi-step reactions typically include one or more 
zeolites and/or non-zeolitic molecular sieves. The addity of the zeolites varies greatly. 
Depending on the particular tyi)e of reaction and desired product composition, the acidity 
may have a strong efifect on the product distributioa Accordingly, in some embodiments, it 
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may be desirable to evaluate a pluraUty of zeoUtesivilli a range The same holds 

true for flie other types of catalysts described heieia. 

Usefid zeolites and/or molecular sieves can be small, large and/or intemiediate pore 
size zeoUtes,aUofvvM(±L can be included in the catalyst lfl)raries^ Ho wever» in many cases, 
the art has a reasonable amount of knowledge about vAddx types of zeolites are prefened, 
and tiie catalyst libraries can advantageously be limited to such catalysts . 

Examples of these catalysts, any and all of which can be included in the catalyst 
libraries, are described, for example, in U.S. Patent Nos. 3,546,102; 3,574,092; 3,679,575; 
4,018,711; 4,104,320; 4,347,394; 4,370,224; 4,417,083; 4,434311; 4,447316 and 
5,559,068. Zeolite-containing catalysts, for example the zeolite mordenite, ZSM-type 
zeolites, zeolite L, Faujasites X and Y, and the zeolite omega, are preferably included into 
the catalyst libraries. Lrzeolites and zeolites having an L-zeolite-type channel structure and 
size, such as ECR-2, which is described in U.S. Patent No. 4,552,73 1, and EC31-3 1, vAdcbi is 
described in U.S. Patent No. 5,624,657 (Vaughan), are also preferably included in the 
libraries. 

The composition of type L -zeolite expressed in terms of mole tatios of oxides may 
be represented by the following fonnula: 

(0.9-1.3)M2/nO:Al2O3(5.2-6.9)SiO2:yH2O 
Jn the above, formula M represents a cation, n represents the valence of M, and y may be 
any value from 0 to about 9. Zeolite its X-ray dif&action pattern, its properties, and 
mefbod for its preparation are described in detail in, for example, U.S. Patent No. 3,21 6,789, 
the contents of vMch is hereby incorporated by reference. The actual fonnula may vary 
without changmg the crystalline structure. For example, the mole ratio of silicon to 
aluminum (Si/Al) may vary from 1.0 to 3.5. 

Examples of useftd large pore zeolites include ZSM-3, ZSM-4, ZSM-10, ZSM-12, 
ZSM-20, zeoUte beta, zeoUte omega, zeoUte L, zeolite X, zeoUte Y, REY, USY, RE-US Y, 
mordenite, L&210, LZ-210-M, LZ-210-T, LZ^210-A, SSZ-24, SSZ^26, SS2>31, SSZ.33, 
SSZ-35, SSZ-37, SSZ41, SS2>42, SSZh44 and MCM-58, any and aU of \^ch are 
preferably incorporated into the libraries. ZSM-3 is described in U.S. Patent No. 3,415,736. 
ZSM-4 is described in UK AppUcation No. 1,1 17,568. ZSM-10 is described in U.S. Patent 
No. 3,692,470. ZSM-12 is described in U.S. Patent No. 3,832,449. ZSM-20 is described in 

8 
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U.S. Patent No. 3,972,983. Zeolite beta is described in U.S. Patent No. Re. 28,341 (of 
original U.S. Patrait No. 3,308,069). Zeolite om^ is desoibed in U.S. Patent No. 
4,241,036. Zeolite Lis described inU.S.PatBntNo. 3,216,789. Zeolite X is described in 
U.S. Patent No. 2,882,244. Zeolite Y is described inU.S. Patent No. 3,130,007. L&210, 
5 LZ-210Ni LZr210-T, LZ^210-A and mixtures thereof ace desraibed in U.S. Patent No. 
4,534,853. SSZ-24 is described in U.S. Patent No. 4,834,977. SSZ-26 is described in U.S. 
Patent No. 4,910,006. SSZ-31 is described in U.S. Patent No. 5,106,801. SSZ-33 is 
described in U.S. Patent No. 4,963,337. SSZ-35 is described in U.S. Patent No. 5316,753. 
SSZ-37 is described in U.S. Patent No. 5,254,514. SSZ41 is described in U.S. Patent No. 

10 5,591,421. SSZ>J2 is described in U.S. Serial No. 08/199,040. SSZ-44 is described in U.S. 
Patent No. 5,580,540. MCM-58 is described in U.S. Patent No. 5,437,855. 

Examples of useful intermediate pore size zeolites include ZSM-5, ZSM-1 1, ZSM- 
22, ZSM-23, ZSM-35; ZSM-48, ZSM-57, SSZA, SS^23; SSZ-25; SSZ-28, SSZ-32, and 
SSZ-36. ZSM-5 is described in U.S. Patent No. Re. 29,948 (of orig^ U.S. Patent No. 

15 3,702,886). ZSM-1 1 is described in U.S. Patent No. 3,709,979. ZSM-22 is described in 
U.S. Patent No. 4,556,477. ZSM-23 is described in U.S. Patent No. 4,076,842. ZSM-35 is 
described in U.S. Patent No. 4,016,245. ZSM-48 is described in U.S. Patent No. 4,585,747. 
SUZ-4 is described in EP Application No. 353,915. SSZ-23 is described in U.S. Patent No. 
4,859,422. SSZ-25 is described in U.S. Patent Nos. 4,827,667 and 5,202,014. SSZ-28 is 

20 described in U.S. Patrait No. 5,200377. SSZ-32 is desraibed in U.S. Patent No. 5,053373. 
The entire contents of aU lliese patents aiid patent appUcations are inoQiporaled herdn by 
reference, and any and all of the catalysts described Ifaerdn can be incorporated into die 
catalyst libraries. 

25 

Catalyst Pre-Treatment 

The catalysts may perform substantially differently if subjected to different pre- 
treatments. Examples of catalyst pre-tteatmoit conditions that can be varied include die 
time and tenqierature of catalyst washing, heating rate, hold time, hold temperature, relative 
30 humidity durii^ drying or calcining; hydrogen content and total pressure during cata 

reduction, CO partial pressure during activation in CO; treatment -wr&i dtrate, alcohols, or 
metal hydrides, modification of cata^ acidity, vapor deposition of Si or Al species, and 
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steamiog. Any or aUofthese can be p^omed and modified to increase the 
catalyst library. Altemaliyely, v/borc those of sidll in the art generally und^siand vAdch 
pie-treatments are preferred for a given catalyst, the pre-treatment can be one that is 
conventionally used in die art This may be preferred to minimize die size of Ae catalyst 
S library being evaluated 

Catalyst libraries can be prepared by taking a single catalyst and subjecting it to a 
numbCT of systematic additioiis or modifications to the catalyst to fonn a second Ub^ For 
example, a zeolite could be modified by impregnating or exchanging different metals or 
levels of metals to form a second library. The zeolite function and the metal function can 
10 each be used to satisfy different catalyst requirements for different steps in the multi-step 
syndiesis, and a single library with catalysts exhibiting both activities can be generated 
Accordingly, this approach may be preferred where both steps are performed in a single 
reactor. 

15 Catalyst Supports 

Catalysts used in tiiesereactioiis may be present on a siqiport Suitable metal oxide 
supports or matrices that can be used to minimize methane production include alumina, 
titania, silica, aluminum phosphate, magnesium oxide, alkaline earth titanates, alkali 
titaiiates, rare earth titanates and inixturesth^eof The catalysts can include any or all of 
20 these supports, in vaiymg ratios of weight of support to weight of catalyst 

Typically, fluid catalysts have a particle size of between 10 and 1 10 microns, 
pref^ably between 20 and 80 microns, more preferably between 25 and 65 microns, and 
have a density of between 025 and 0.9 g/cc, preferably between 0.3 and 0.75 g/cc. 
Extrudates or pellets are fine for some reactions and their sizes are typically between 1 and 
25 10mm. 

Logical Arra\^ 

Libraries of catalysts can be prepared and evaluated using the methods described 
herein. The identity of the catalyst or combination thereof in each position in tibie voids in 
the reactors can be stored in a computerized device, or identified via other idmtifying 
30 means. The products ofthe reaction can be readily identified, for example by gas 
chromatogr^hy (GQ, a combmation of gas chromatogr^hy and mass spectrometiy 
(GC/MS),infi:ared heat eiiiissioiis,infi:ared species anal^^ To 

10 
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avoid contammaling flie columns in chromatogr^hic devices, it may be desirable to filter a 
representative sample of the product stream befisre it is placed on the column, for example 
by backflushing or using an in-line filter or an in-line solid phase extraction (SP^ column. 
The prop^es of the reaction products gramted during tfie evaluation of the 
S libraries for a particular chemical reaction can be measured and correlated to specific 
catalysts, combinations of catalysts, and/or reaction conditions. By screening numerous 
combinations of catalysts and/or reaction conditions, die selection of the optinial 
combinations is more a function of the data collection method than the "rational" basis for 
selecting a usefid catalyst and/or set of reaction conditions. 

10 There are scvcthI types of reactions in ^^ch two or more types of catalysts are used. 

These catalyst combinations may be used simultaneously or in series, for example in multi- 
^ step syntheses. Combiiiations of catalysts may be used, for example, in multi-step reactioris, 
where one catalyst p^orms one step, and a second catalyst performs a second step. 
Examples of such reactions include isosyntfaesis and Fischer-Tropsch syndesis wbere an 

IS acidic catalyst is used to isomerize the olefins as they are formed. In such reactions, the 
optimum ov^aU catalyst combination for pix)ducing a desired product rnay not be the o^ 
fiiat includes the optimum catalyst for botii steps, since botii steps may require totally 
different reaction conditions to be optimized. The ovdrall optimum combination may be 
one that istiie optimum for the first step or for tiie second step or a compromise between the 

20 two steps. 

For example, the optimum conditions for Fischer-Tropsch synthesis may involve 
tCTiperatures at a first temperature range, but the optimimi olefin isomerization cataljrsts 
may operate best at temperatures at a different temperature range. When these "optimum" 
olefin isomerization catalysts are operated at traiperatures in the first temperature range, 

25 they may be inefficient Accordingly, it is preferred that the catalyst combinations include a 
combination that is optimum for all steps in the multi-step reaction. It is therefore in^)ortant 
to test both catalyst components together. However, leads for this screening of optimum 
catalyst combmations can come fiom searching the individual catalysts. 

When catalyst combinations are used, the catalysts are preferably combined in a 

30 logical maimer, for example in an A x B array, \^ere each position in the A column 

includes one or more catalysts for performing the first step of the reaction, and each position 
in die B row includes one or more catalysts for performing the second step of die reaction. 
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In fliis manner, virtually every i>ossible combination of catalysts in the libraries can be 
evaluated. It may be important for some reactions &at a particular catalysts be iq^^ 
from another. For other reactions, for example, tiiose ^ere intermediates from one catalyst 
are converted to final products on flie second catalyst, an intimate mixture of the two 
S catalysts may be prefened. Typical particle sizes for Aese types of catalyst mixtures are in 
the micron range. 

The combinations of catalysts can be evaluated using varied reaction conditions, 
\^ch can provide a) a combinatorial library of product streams and a database including the 
combination of catalysts and reaction conditions to provide each product stream and/or b) 
10 the optimum combination of catalysts and reaction conditions for obtaining a desired 
product stream. 

Reaction Conditions 

The reaction conditions typically involve increased temperature and pressure. 

IS Typical pressure ranges are fiom 0.1 to 500 ATM, preferably fiom 1 to SO ATM, more 
preferablyfioml to2S ATM. Typical temperature ranges are fiDom 20 to 1300^F, 
preferably fiom 100 to 1000°F> more preferably from 200 to TSO^F. Flow rates through the 
reactor would be expected to vary depending on the size of the voids in the reactor and the 
type of diemistiy being performed. Thoseof skill in the art can readily optimize the flow 

20 rates through fhe reaction vessels. These conditions may be but need not be the same as 
those used in large scale commercial reactors. Additional reaction conditions that can be 
modified are those in which the catalysts are pre-treated. Pre-treatment steps for various 
catalysts are weU known to those of skill in tiie art and are described elsevv4iere herein. 

Preferably, the absolute pressure is not more than 50%, more preferably 35%, most 

25 preferably, 20% higher or lower than would be used in a commercial plant The ten^)^:ature 
is preferably not more than 200^F, more preferably not more than 100% and most - 
preferably, not more than 50^F higher or lower than would be used commercially. 
Preferably, the flow of reagents follows the same path (i.e., downflow, iq>flow, mixed 
reactor) as they would in a commercial plant Preferably, fiie reagents are in the same 

30 phases as would be used commercially. 
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Reactors 

As used herein, a reaction vessel is any suitable container that can hold a plurality of 
combinations of catalyst syst^ns, that can prefoably contain fiom about 200 mg to about 
100 g, more piefisrably from about 1 mg to about 10 g of eadi catalyst combmation, mdHiat 
5 can handle the reaction conditions necessary for converting syngas to product streams 
including hydrocarbons in the distillate fuel and/or lube base oil ranges, for example 
conditions of inoeased pressure and tmperature. 

Any reaction vessel that is capable of being used to conduct a plurality of 
simultaneous reactions using gas phase reactants and solid catalysts und^ conditions of 

10 elevated temperature and pressure can be used. Such reaction vessels are well known to 
those of skill in the art Examples of suitable devices include those described, for example, 
m U.S. Patent No. 5,980,839 to Bier et al., U.S. Patent No. 6,036,923 to Laugham, Jr. et al., 
U.S. Patent No. 6,030,917 to Weinberg et aL, U.S. Patent No. 6,001,3 1 1 to Brennan, the 
contents of each of which are hereby incorporated by reference. 

1 5 The reaction vessel can contain multiple sample vessels, in parallel or in series, to 

perfomi combinatorial or sequential operations, respectively. The reactor can include a 
reaction region that includes a plurality of individual reaction cavities or voids, each of 
which can have a port adapted to siq)ply or remove reagents, solvents, gases and/or vacuum 
suction to the void. 

20 Preferably, the reactora include ten or more voids, more preferably greater than 25 

voids, most preferably greater than 50 voids. Hie size of the voids is typically between 
about 0.1 and 10 ml, preferably between about 1 and 2 ml, and more. 

The voids are an ^propriate size for receiving the catalysts used for the reactions 
and for permitting the entry and ^t of reactants and products. The reactors can be prepared 

25 fit)m any suitable material, including metals and alloys, polymers, plastics, glass, ceramics, 
semi-conductors, and the like. They can be formed from a solid material, or can be in the 
form of laminates. The materials must be able to withstand the reaction conditions and also 
be inert to the catalysts and reactants employed 

Some or all ofthe voids are used to cany out the desired multi-step reactions. Hie 

3 0 individual voids include individual catalysts or combinations thereol^ such tiiat all or part of 
acombinatoriallibrary of catalysts can be evaluated. Hie devices can also include channels 
that are used to provide heating and cooling, or heating and cooling can be pr^ 
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otli^ means. For example, the reactor can be heated and/or cooled ext^^ 
and/or cool the reactions occurring in the various voids. 

Pteferably, Ihe reactants are fed to ttie voids from a single source, for example using 
a splitter or other suitable means to pass the reactants at qyproximalely the same flow rate to 
the voids ini^ch the reactions are to occur. There can be a inixing region disposed 
adj acent to the reaction region, such that the reaction voids open into tiie mixing region. 

The scale of the syntiietic reactions is preferably in the range of greater than about 
200 mg, more preferably between one mg and 100 g, althoiigh the scale can be modified 
depending on the amoimt of compound necessary for the particular application. The 
reactions may be performed under conditions of relatively high temperature and/or pressure. 
Following the reactions, Ihe products can be characterized using a variety of means, for 
example GC, GC/MS, HPLC and the like. 

Robotic arms and multi-pipet devices can be used to add £q)propriate catalysts to tiie 
appropriate locations in the reaction vessel. When appropriate, the chemistry can be 



performed under varying conditions ofteniperature, pressure, flow rate and the lik When 
elevated temperatures and pressures are required, devices capable of handling elevated 
temperatures and pressures, particularly for use in combinatorial chemistry, are used 



of each of the catalysts can be stored in a conq>ut^ in a '"memory msqp" or otiier means for 
correlating the data regarding the chemical reactions to the catalyst combinations in the 
reaction vessels. Alternatively, the chemistry can be performed manually and the 
information stored, for exaiiq>le on a computer. 

Those of skill in the art can readily determine appropriate sets of reactions and 
reaction conditions to generate and/or evaluate the libraries of interest 

Analytical Equipment 

The products from the reactions are preferably analyzed after the reactions are 
complete. Suitable aiialyticaleqmprnent for analyzmg the products of c^ 
particularly reactions common to petroleum chemistry, are well known to those of skill in 
the art 

After the chemical reactions take place, the reaction products can be individually 
transfored from the individual voids to an analytical device. Any device that can take 




In one embodiment, the reactioiis are carried out via com pxstac 'contr^._ The idmtity 
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sanq>les from the individual voids in tlie leactors and analyze the resulting compounds can 
be used. 

The analytical device is a piefi^rably chromatographic device^ such as an analytical 
or preparative scale HPLC, GC or GC/MS, although oth^ devices can be envisioned, 
S depending on the chemistry perfdimed The devices are preferably optimized for high-speed 
analysis, for example, by using short, directly heated separation columns^ to more effectively 
handle the large number of samples. Since tihe product streams may not include UV-active 
compounds, the analytical equipment preferably includes an ELSD detector or other detector 
that is not dependent on UV absorption to detect a compound eluting from the column. 
10 Particularly when iso-paraffin concentration is evali^ated using the library, a 

combinationof GCandMS isused Isomers tend to have the same MS peaks, but elute at 
different times from the columns, and this technique allows r^id detamination of the 
product stream. 

The products can be assayed for various prop^es, including octane and/or cetane 
IS values, degree of isomerization, olefin concentration, and the like. Preferably, the products 
aieaiialyzedinaMgh-throughputinanner. Conditions are known in the art for determining 
the octane or cetane values based on known GC data, ^en a GC is performed on a 
rqiresentative sample of&e product stream. These techniques may be particularly useful in 
evaluating the libraries for use&l catalyst combinations for preparing jsroducts with 
20 desirable properties. 

Using information obtained in the analyses , those of skill in the art can readily 
optimize tibe reactions by varying various process conditions, for example reagent 
composition, temperature, pressure, flow rate and the like. 

25 Database 

Data r^arding the catalysts or combinations thereof reaction conditions and product 
streanis can be stored in a relational database. The database can be used to find optimum 
catalyst combinations for producing a desired product stream, and can be particularly usefijl 
iT^en the desired product stream varies dq)endiiig on market fec^ Whmtfaeproduct 

30 requirements change^ q>propriate catal;^ and/or reaction conditions can be selected to 
prepare the desired product 
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The data is preferably stored in a computer system ccq>able of storing information 
regarding the idratity of the catalysts and the product streams obtained, particularly ^en a 
plurality of dififerent reaction conditions are used. Software for managing the data is stored 
on the computer. Relational database software can be used to correlate the idmtity of the 
5 ionic liquids, the reaction conditions (for example reagrat composition, temperature and 
ixressure) and the analytical data fiom each product stream. Numerous conmiercially 
available relational database software programs are available, for example fiom Oracle, 
Tripos, MDL, Oxford Molecular fChemical Design"), IDBS C Activity Base"), and otiier 
software vendors. 

10 Relational database software is aprefened type of software for managing the data 

obtained during the processes desoibed herein. However, any software that is able to create 
a "memory map" of the catalysts in the reaction vessels and correlate that information with 
the information obtained fiom the chemical reactions can be used. This type of software is 
well known to those of skill in the art 

15 

Librarv Design 

Software for the design of test libraries can be used to design the origmal catalyst 
test libraries based on bsput fix)m literature and previous e3q>ecimental programs. This 
software can be used to ef&dmtiy design test libraries that cover the desired experimmtal 
20 space and utili2se statistical experimental design methods. 

Other software can be used to analyze the data from experiments and correlate that 
data with the structure of the catalysts and/or catalyst treatment Qonditions and/or reaction 
conditions. Such corrd^cgsare often rofi^rodjto as QS^ software (Quantitative 
Structure Activity Relations). Such QSAR can then be used by the software to design 
25 subsequent catalyst test libraries for further screening. The use of such QSAR programs can 
add to the efGciency of screening. As more data is collected, these QSAR programs can 
become more efBcient at developing catalyst Ubraries with increased probability for finding 
desirable catalysts. 

Methods 

30 The metiiods use a combinatorial ^proach to identify optimum reaction conditions 

and cataljrsts or catalyst combinations for performing the desired reactions and/or for 
providing a deshed product In one ^bodiment, the reaction conditions (reactant 
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composition, temperature and pressure) are kept reasonably constant ^^e evaluating the 
entire library, and then tiie reaction conditions are modified and the library is re-evaluated 
witii the modified reaction conditions. In anotiier embodiment all of the significant 
variables are varied at once, hi either embodiment it may be easier and &ster 
S experimentally to give all catalysts a common pre-treatmen^ modifying the pre-treatments 
as desired to increase the size of die catalyst library. 

Where the multi-step synthesis involves performing all of the steps in a single 
reactor at substantially the same time, the steps involve obtaining a suitable reactor tiiat 
includes a plurality of voids, placmg an effective amount of a catalyst (or a catalyst 

10 . combination) firom one or more catalyst libraries in a void, repeating this step as necessary 
vdth different voids and different catalysts so that a plurality of catalysts can be 
simultaneously evaluated, and performing the desired reactions. The product streams are 
then preferably analyzed, more preferably by GC, HPLC or GCVMS. The reaction 
conditions^ catalysts, and analytical information regarding the product streams are preferably 

IS stored in a database. 

Where the multi-step synthesis involves performing different steps in different 
reactors, the steps mvolve obtaining a suitable reactor that includes a plurality of voids, 
placing an effective amount of a catalyst (or a catalyst combination) fix>m one or more 
catalyst libraries in a void, repeating this step as necessary witii different voids and different 

20 catalysts so tiiat a plurality of catalysts can be sunultaneously evaluated, and performing the 
first step of the multi-step syntiiesis. The product streams can be and preferably are 
evaluated and optiinized at tills point An optiinized product stream can then be s^t to a 
separate reactor and the second step of the multi-step synthesis performed in substantially 
tiie same manner as in the first step, albeit with different catalysts, reactants and reaction 

25 conditions. This step is also optimized. The steps can be repeated as desired if tiie multi- 
step synthesis includes more tiian two steps. 

The first step is preferably optimized using a lead gmeration ^proach to identify 
suitable catalysts and reaction conditions. These leads can be scaled 19 ma lead 
optintiization step to identify die best conditioiisfiom a given set of leads. Qncethese 

30 conditions are optimized and the ideal product stream is id»tified, this product stream can 
be used in tiie second step. This provides an advanta^ over convratioiialchennstryx^efe 
a hypothetical reactaiit is used to approxiinatei»to would be used ^ An 
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advantage of using the actual product stream fix>m the previous step is liiat impurities that 
might affect the dbemistty, but vAAch would not be observed with a hypotibetical reactant, 
aie present in tiie actual product stream. This can provide more reliable results than wfam 
hypothetical reactants are used. 

While it can be preferred to use the product stream directly fiom the optimized first 
step in a lead generation step, the product from the first step can alternatively be purified, 
for example via distillation, and the purified prodiict used to evaluate the second step in the 
multi-step synthesis. The choice of whether to use tiie product 6om the first step directly in 
tiie second step is largely dependent on how the chemistry would be performed 
commercially. 

The product streams can be analyzed in a similar manner to how tiie product streams 
are analyzed in the embodiment where the plurality of steps in tiie multi'-step synthesis are 
conducted in the same reactor. 

The methods can advantageously be used to generate a database of catalysts and, 
optionaUy, reaction conditions, i^di provide various product streams. As market 
conditions vary and/or product requirements change, conditions suitable for fiuming desired 
products can be identified with litde or no downtime using the methods described herein. 

While preferred embodiments of the present invention have been shown and 
described, it will be apparent to tiiose skilled in the art that many changes and modifications 
may be made without departing firom the invention in its broader aspects. Theappended 
claims are tiierefore intaided to cover all such changes and modifications as &11 within the 
true spirit and scope of the invention 
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We claim: 

1 . A method for discovering optimum catalyst systems and/or reaction conditions for 
' multi-step synthetic reactions, comprising: 

a. prq>aringafirstUbrary of catalysts for canying out the £b:st step of a de^^ 
multi-step reaction, 

b. preparingasecondUfarary of catalysts for canying out the second step of a 
desired multi-step reaction, 

c. placing one or more catalysts fiom each library in a void in a reactor, 

d repeating'stepc until a desired number ofcatalysts have bem placed in a desired 

number of voids, and 
e. feeding reactants to the voids containing catalysts under conditions that cause the 

reactants to be converted to products. 

2. The method of claim l,furth^ conq>iisingaiialyzmg the ieacti 

3. The method of claim l,\^erein at least one of the catalysts is a Fischer-T^^ 
catalyst 

4. The method of claim 1, herein at least one ofthe catalysts is a zeoHte catalyst 

5. The method ofclaunl,i^erem at least one ofthe catalysts is a 
dehydrogenation/hydrogenation catalyst 

6. The mediod of claim 1, further coniprising storing information regardi^ 
the catalysts and their position in tbie reactor. 

7. The method of claim 2, finiher con^srising storing infoimati 
the reaction products in a database. 

8. The method of claim l,^^inthecatalystsareairangedinthereactor inthefoimof a 
logical array. 

9. Ilie method ofclaim i,\^ereinstq)e is repeated at least one time using di£feren^ 
reaction conditions. 

10. The process of claim 9, iwherein the reaction conditions that are varied are selected fiom 
tibe groiq> consisting of temperature, pressure reactant composition, and flow rate. 

1 1 . The method of claim t , \^erein the product stream includes iso-paraffins in flie jet fuel 
range. 

12. The method of claim 1 , i^erein the product stream includes iso-para£Bns in fte diesel 
fuel range. 
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13. The mediod of claim 1» ^^erein tiie product stream includes iso-paiafi5ns in the lube 
base oil range. 

14. A method foft discovering optimum catalyst systems and/or reaction conditions for 
multi-step synthetic reactions, comprising: 

a. preparing a first libraiy of catalysts for canying out the first stq) of a desired 
multi-step reaction, 

b. preparing a second libraiy of catalysts for carrying out the second step of a 
desired multi-step reaction, 

c. placing one or more catalysts £rom the first library in a void in a first reactor that 
comprises a plurality of voids, 

d. lepeatmg step c until a desired number of catalysts have been placed in a desired 
number of voids, 

e. feeding reactants to the voids containing catalysts under conditions that cause the 
reactants to be converted to products, 

f. piqparing a second reactor that comprises a plurality of voids by placing one or 
more catalysts 6om the second library in a void in the second reactor, 

g. repeating step f until a desired number of catalysts have been placed m a desired 
number of voids, and 

h. feeding at least a portion of the products fiom the first reaction, optionally 
foUovdng a purification step, to the voids in the second reactor under conditions 
that cause the reactants to be converted to products. 

IS. . The method of claim 14, further comprising analyzing the reaction products. 

16. The method of claim 14, \^erein at least one of tiie catalysts is a Fischer-Tropsch 
catalyst 

17. The method of claim 14, herein at least one of the catalysts is a zeolite catalyst 

18. The method of claim 14, vdierein at least one of the catalysts is a ddiydrogenation/ 
hydrogeuation catalyst 

19. The method of claim 14, fijrther comprising storing information regarding the 
identity of the catalysts and their position in the reactor. 

20. The method of claim IS, fiirther comprising storing information r^aiding the 
analysis of the reaction products in a database. 
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21. Hie method of claim 14, \i^erdn the catalysts are arranged in the reactor in the form 
ofa logical array. 

22. The method of claim 14, \vfaereinstq>e is rq)eated at least one time using different 
reaction conditions. 

23. Hie process of claim 22, iwfa^rdn the reaction conditions that are varied are selected 

firom the groiq> consisting of temperature, pressure, reactant composition, and flow 
rate, 

24. The method of claim 14, v^erein step h is repeated at least one time using diffo^t 

reaction conditions. 

25. The process of claim 24, \s4ierein the reaction conditions that are varied are selected 

fiom the ffovp consisting of te[K^)eratuie, pressure, reactant composition, and flow 
rate 

26. The method of claim 14, iwfaer^ the product stream includes iso-parafBns in the jet 
fuel range. 

27. The method of claim 14, herein the product stream includes iso-paiafBns in the 

diesel fuel range. 

28. The mediod of claim 14, wherein the product stream includes iso-paraffins in the lube 
base oil range. 

29. A method for optimizing multi-step synthesis involving a single catalyst ttiat 

perfonns multiple steps, comprising: 

a. preparing a catalyst library by taking a single catalyst and subjecting it to a 
plurality of additions or modifications to form a library of catalysts, 

b. placing one or more catalysts fcom the library in a void in a reactor that 
comprises a plurality of voids, 

c. repeating step b until a desired nimib^ of catalysts have been placed in a 
desired number of voids, and 

d. feeding reactants to the voids containing catalysts under conditions that cause 
the reactants to be converted to products. 

30. The method of claim 29, further conqnising storing information regarding the 
identity of the catalysts and their position in the reactor in a database. 

3 1 . Tlie method of claim 29, further comprising analyzing tiie reaction products. 
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32. The method of claim 31, further comprising storing information regarding flie 
analysis of Ihe reaction products in a database. 

33. The metibod of claim 29, herein the library comprises zeolite catalysts. 

34. The method of claim 33, Tisercin the zeolites are modified by impregnating or 

exchanging different metals or levels of metals in tbe zeolites. 
3 S . The method of claim 29, i?«dierem the catalysts are arranged m the reactor in the form 
of a logical array. 

36. The method of claim 29, A^^erein step d) is repeated at least one time using different 

reaction conditions. 

37. The process of claim 36, \^erein the reaction conditions tiiat are varied are selected 

from the groiQ> consisting of temperature, pressure, reactant composition, and flow 
rate. ' 

38. The method of claim 29, \^ierein the product stream includes iso-para£Bns in the jet 

fuel range. 

39. The method of claim 29, i;^erein the product stream includes iso-para£Gns in the 

diesel fuel range. 

40. The method of claim 29, herein the product stream includes iso-parafiSns m the lube 

base oil range. 
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